Finding alternative ways to measure mental workload while driving by Pikaar, Elise
1 
 
 
Name: Elise Pikaar, s1029665) 
Supervisor: William Verschuur 
Supervisor SWOV: Michiel Christoph 
First reader: William Verschuur 
Second reader: Jop Groeneweg 
Applied Cognitive Psychology 
Thesis Msci Applied Cognitive Psychology 
 
 
 
 
Finding alternative ways to measure mental 
workload while driving. 
 
 
 
 
 
 
 
 
 
 
 
 
 
2 
 
Abstract 
      The goal of this study was to investigate the value of nonintrusive methods for 
measuring mental workload for measuring mental workload in real life traffic situations. 
Levels of mental workload that are too high or too low can decrease driving performance and 
thereby lead to accidents. Nonintrusive measurement methods could be used to study mental 
workload while driving in Naturalistic Driving Research. Researching mental workload in 
real traffic would allow for the investigation of specific mechanisms that influence mental 
workload, such as self-regulation. Investigating such mechanisms has not been possible until 
now, due to the controlled situations in which mental workload is investigated. For this study 
the nonintrusive method of blink frequency was investigated, together with the intrusive 
methods of heart rate, heart rate variability, skin conductance response and brain activity. The 
results show that only heart rate and blink frequency were able to differentiate between 
situations of low and high mental workload. These two methods were strongly related and 
seem to both be measuring mental workload. Although no definite conclusions about the 
value of these two methods for usage in driving research can be drawn from this study, the 
results point to there being value in exploring these methods more. 
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1. Introduction 
This study will look at the concept of mental workload while driving and how 
different methods that measure mental workload in real life driving situations relate to each 
other. Mental workload describes the amount of mental effort people need to invest in a task 
in order to execute a task in relation to the mental capacity people possess (Welford, 1978 as 
cited in Young, Brookhuis, Wickens, & Hancock, 2015). The concept of mental workload 
will be further discussed in the next section. The amount of experienced mental workload  
while driving affects driving performance (Wickens, 2008). Too high or low amounts of 
mental workload can decrease driving performance and thereby increase the risk of mistakes 
while driving. Multiple methods for measuring mental workload have been developed. The 
developed methods will be discussed in greater detail in later sections. Different mechanisms 
that influence the experienced mental workload exist, such as self-regulation (De Waard, 
1996). Self-regulation happens when people actively alter their own experienced mental 
workload. Self-regulation can only be fully investigated when people are not controlled or 
constrained in their behavior. Most studies on the topic of mental workload have been 
performed in controlled situations, such as simulators, or have been with constraining 
instrumentation, such as heart meters (Wiberg, Nilsson, Lindén, Svanberg, & Poom, 2015). 
This has caused the mechanism of self-regulation and its effect on mental workload to be 
explored little.  
A new type of driving research has been developed in the past decade, called 
Naturalistic Driving Research (SWOV, 2010). In this type of research the drivers are not 
controlled or constrained in their behavior. The goal of this study is to investigate if  
indicators of mental workload can be derived from  Naturalistic Driving Data. If this turns out 
to be the case, than Naturalistic Driving Research could be used to investigate the influence of 
self-regulation on experienced mental workload. Mental workload could also be investigated 
on a larger scale, because large databases of Naturalistic Driving Data are accessible for the 
research community. 
1.1. Theoretical background 
Driving a car is primarily a mental task and is executed in a dynamic environment 
(Gabaude, Baracat, Jallais, Bonniaud, & Fort, 2012). The task of driving a car places mental 
demands on the person operating the vehicle. Drivers need to successfully cope with different 
levels of mental demands in order to safely drive the car. Drivers can cope with the existing 
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mental demands by investing mental effort in the execution of the task. The mental demands 
of the driving task can be divided into one of three difficulty levels (Michon, 1985; Paxion, 
Galy, & Berthelon, 2014). The first level is the strategic level. Aspects of the driving task that 
fall in this category require the most mental effort from the driver in order to be executed 
well. The strategic level involves driving behaviors that are abstract and not directly related to 
the current driving situation, such as; planning the trip to take, deciding to use the car, 
choosing the route to take and an evaluation of the costs and risks involved with the current 
driving task. The second level is the manoeuvring level (Ohm & Ludwig, 2013). Executing 
tasks that fall into this category require a smaller amount of mental effort compared to 
behaviors of the strategic level. The manoeuvring level is more related to current traffic 
circumstances and entails reactions to traffic situations and other road users, such as avoiding 
an obstacle on the road or stopping for pedestrians. The third and last level is the control level. 
Tasks in the control level are mostly automated behaviors and therefore only require a very 
small amount of mental effort or no mental effort at all. The control level covers the tasks that 
relate to direct control over the movement of the vehicle, such as steering and shifting gear.  
 
1.1.1 Definition of mental workload  
Humans have limited mental resources to devote to the execution of tasks (Wickens, 
2008). The amount of mental effort people can invest in a task is therefore finite. The 
demands of the driving task should not exceed the amount of mental resources available, 
when drivers aim to maintain a high driving performance. The relation between the mental 
demands of a task and the mental resources people have to invest in order to execute the task 
is described by a concept called mental workload (Welford, 1978 as cited in Young, 
Brookhuis, Wickens, & Hancock, 2015). The amount of mental workload that is associated 
with a task is dependent on the driving task itself and on characteristics of the driver 
performing the driving task (De Waard, 1996). The demand of a task is considered high when 
a driver has to invest a large portion of the available mental resources in order to deal with the 
driving demands and execute the task well. Mental workload is a subjective experience (Ohm 
& Ludwig, 2013). Mental workload is experienced when people perceive some sort of cost 
when executing a task (Hart & Staveland, 1988). This cost can be energy or less available 
mental resources for other tasks. The experienced mental workload of a driving task can differ 
between two drivers, because how the mental demands are experienced is dependent on 
characteristics of the driver. A driver with a large amount of mental resources available for 
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the driving task will experience a lower mental workload compared to a driver with a smaller 
amount of mental resources when executing the same task. The driver with the large amount 
of mental resources available will have to invest a smaller proportion of his total mental 
resources to reach the same  driving performance level as the driver with the smaller amount 
of mental resources.  
 
1.1.2. Mental over- and underloading 
When a driver experiences driving demands that exceed his or her mental capabilities, 
then he or she can become mentally overloaded and the driving performance will decrease 
(Wickens, 2008). A decrease in driving performance will increase the chances of mistakes 
when driving (Cantin, Lavallière, Simoneau, & Teasdale, 2009). Mental overloading is 
therefore a danger to road safety. Mental underloading on the other hand can also be a danger 
to road safety, because very low mental task demands can lead to a decrease in driving 
performance as well (Young, et al., 2015). Drivers can experience a decrease of attention for 
the driving task due to boredom or they can become distracted by objects that are more 
interesting than the current driving task for example. The effects of mental under- and 
overloading on driving performance are illustrated by the inverted U shape model from de 
Waard (1996) in Figure 1. Figure 1 is a graphical representation of the theory developed by 
Yerkes and Dodson (1908).   
 
Figure 1. Inverted U-curve (De Waard, 1996) 
 
Figure 1 shows that low levels of task demands cause deactivation and require a high 
amount of mental effort in order to stay focused on the task (area D). Medium amounts of task 
demands (area A1 through A3)  make the task engaging enough, but not too difficult so that 
the driver can deal with the demands without investing too much effort. In areas A1 through 
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A3, performance is optimal. Mental overloading can occur  when the task demands become 
higher than the level the driver can easily deal with than and as a result task performance will 
decrease (areas B and C). In short, task performance is decreased in situations of both too 
high and too low amounts of task demands.   
Even though it is clear that both mental under- and overloading in drivers are a danger 
to road safety, the exact relationship between the driving task and mental workload has not 
been determined (Young, et al., 2015). This gap in knowledge is in part caused by the fact that 
drivers have the opportunity to regulate the amount of regulate workload during driving (De 
Waard, 1996). Drivers can drive slower to lower mental workload in situations where the task 
demands become too high. Additionally, drivers can compensate for a low mental workload 
by engaging in a secondary task, which would increase the task demands and thereby the 
overall experienced mental workload.  
It is important to get a clear view of the relationship between specific aspects of the 
driving task, self-regulation efforts of drivers and the experienced mental workload. By 
knowing what causes drivers to become mentally under or over-loaded, efforts can be made to 
decrease the occurrence of  mental workload disturbing factors. These efforts could contribute 
to improved road safety. 
1.2.  Measuring mental workload 
Workload is difficult to measure, because it is a mental construct and therefore not 
directly observable (Matthews, Reinerman-Jones, Barber, & Abich, 2014). In spite of this 
difficulty, multiple methods to measure mental workload have been developed (O’Donnell & 
Eggemeier, 1986 as cited in De Waard, 1996; Miller, 2001). The value of the developed 
measurement techniques is evaluated with the use of multiple criteria (De Waard, 1996). 
These criteria help determine the quality of the developed measurement techniques for 
different types of mental workload research. In this section, the different criteria will be 
described. 
 
1.2.1. Sensitivity 
The sensitivity of a measuring method describes how well that method is able to detect 
changes in the level of experienced mental workload (Matthews, et al., 2014). Some 
measuring methods may be better at detecting changes in low levels of mental workload, 
while other methods may perform better when detecting changes in higher levels of mental 
workload. It is important to know how sensitive measuring methods are to specific levels and 
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types of mental workload. This way the most sensitive methods can be selected for different 
kinds of mental workload research.  
 
1.2.2. Reliability 
Reliability is another criterion to evaluate mental workload instruments with (Matthews, et al., 
2014). The reliability criterion looks at how consistent a measurement instrument is when the 
instrument is used multiple times. An instrument needs to indicate the same amount of mental 
workload in equal circumstances in order to be considered reliable. The reliability of an 
instrument is especially important when data from different moments in time are compared. 
 
1.2.3. Diagnosticity 
The diagnosticity of a mental workload measuring instrument describes how well that 
instrument is able to distinguish between different kinds of mental workload (De Waard, 
1996). Task demands can appear in different  forms, such as visual or auditory demands 
(Wickens, 1991). The experienced mental workload will be different from one task to the next 
depending on the type of demands the task puts on the driver. A good mental workload 
measuring instrument is able differentiate between the different types of mental workload that 
exist and can which type of mental workload the driver is experiencing at a given moment.  
 
1.2.4. Intrusiveness 
Another criterion which is used to evaluate the functioning of a mental workload measuring 
instrument is by looking at the intrusiveness of that instrument (Paxion, et al., 2014). The 
intrusiveness of an instrument describes to what extent the use of the instrument will interfere 
with the primary task performance. In this study the primary task performance is driving. An 
instrument is considered intrusive  when the use of the instrument interferes with the ability to 
drive. When it obstructs the view or freedom of movement of the driver for example.   
 
1.4.5. Selectivity 
The selectivity of an instrument can also be evaluated in order to determine the value a  
measuring method. The selectivity of an instrument is evaluated by looking at how sensitive a 
method is to only changes in mental workload and not to other changes. A method is 
considered not very selective if it not only measures mental workload, but also other 
variables, such as level of arousal or fatigue. 
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1.2.6. Implementation requirements 
The implementation requirements of a method also determine its value in mental workload 
research (Matthews, et al., 2014). Implementation requirements are the practical and financial 
constraints connected to the use of a measuring method. A method that requires training and 
special software before it can be used has higher implementation requirements than a method 
that only requires a questionnaire for example.  
 
1.2.7. Operator Acceptance  
Lastly, the instrument needs to be accepted as useful and valid by the participant of the mental 
workload study in order to be valuable in mental workload research (Matthews, Reinerman-
Jones, Barber, & Abich, 2014). The participants need to perceive the method as useful in 
order to believe in the validity of the study. If participants do not think the study and its 
method are valid, than they might not put in all their effort to reach their best possible 
performance. 
1.3. Existing measurement methods of mental workload 
The workload measurement methods that have been developed to this date can be 
divided into three main categories (De Waard, 1996). These main categories are; 
physiological methods, subjective methods and performance methods. Table 1 shows the 
main categories with the specific methods that belong to each category, these methods will be 
discussed in detail in the upcoming sections.  
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Table 1. 
Existing methods for measuring mental workload 
Physiological methods Subjective methods Performance methods 
Heart Rate Rating Scale Mental Effort 
(RSME) 
Primary Task Performance 
Heart Rate Variability NASA task load index 
(NASA-TLX) 
Secondary Task Performance 
Respiration Rate  Steering Behavior 
Skin Conductance Response   
Brain Activity   
Eye Fixation Frequency   
Eye Blink Frequency   
 
 
1.3.1. Physiological methods 
  Heart Rate  
An increase in invested mental effort leads to a physical reaction which can be 
measured by using different physiological measuring techniques (De Waard, 1996). One of 
the physiological methods is measuring heart rate (Miller, 2001). This method measures the 
number of heart beats per minute. The heart rate increases as workload increases (De Waard, 
1996). A downside of this method is that is also sensitive to physical activity and strong 
emotional reactions.  
 
Heart Rate Variability 
Another heart related mental workload measurement is the measurement of heart rate 
variability (HRV). The HRV method measures the time intervals between heart beats (Miller, 
2001). There is no universally accepted method for scoring HRV, the most widely used 
method calculates the standard deviation of inter-beat interval differences in a certain time 
period or for a certain number of beats (Nussinovitch, Cohen, Kaminer, Ilani & Nussinovitch, 
2012). There are multiple small devices that can measure heart rate, such as an electronic 
wrist and chest band (De Waard, 1996). Heart rate can also be measured with an  
Electrocardiogram (ECG). The ECG measures the electric activity of the hear with the use of 
electrodes that are attached to the surface of the skin. The HRV method is also sensitive to 
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physical activity and strong emotional reactions due to the fact that it relies on heart rate in 
order to be calculated.  
 
 Respiration Rate 
An alternative physiological method to measure mental workload is looking at the 
respiration rate of a driver (De Waard, 1996). Respiration is a physiological process in which 
the body exchanges oxygen and carbon dioxide with the atmosphere (Roscoe, 1992). The 
respiration rate changes with changing levels of mental workload (Wilson, Fullenkamp & 
Davis, 1994). The quantity of oxygen the body needs is determined by the level of activity in 
various body tissues. When the task demands increase, the activity level of the brain also 
increases in order to properly deal with those demands. The increase in activity level of the 
brain causes the respiration rate to increase and the respiration depth to decrease (Roscoe, 
1992). Respiration rate can be measured by placing an elastic band around the waist and 
counting the amount of chest expansions (Veltman & Gaillard, 1998). Respiration depth can 
be measured by using a pneumotachograph (Roscoe, 1992). A pneumotachograph is a device 
where people breathe into and which measures the volume of the inhaled and exhaled oxygen 
and carbon dioxide of each breath. Respiration rate and depth are, similar to the heart rate 
methods, not optimally selective when it comes to measuring mental workload. Respiration 
rate and depth are also sensitive to physical activity, strong emotional reactions and speech 
(De Waard, 1996).  
 
Skin Conductance Response 
Additionally, the activity of the sweat glands changes is sensitive to mental workload 
changes (Collet, Salvia, & Petit-Boulanger, 2014; De Waard, 1996). When the driver needs to 
exert more mental effort to safely operate the vehicle, the sweat glands become more active. 
Electro-dermal sensors are placed on the palms of the hands of the participants to measure the 
sweat gland activity. These electro-dermal sensors measure how well the skin conducts 
electricity. When the sweat glands become more active, the skin conducts electricity better. 
The changes in skin conductance response (SCR) can be used to determine the level of 
experienced mental workload. Like the previous methods, the skin conductance response 
method is not optimally selective when measuring mental workload. This method is also 
sensitive for influences such as, temperature, age, time of day and physical activity (De 
Waard, 1996).  
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Brain Activity 
Furthermore, brain activity can also be used to determine mental workload (De Waard, 
1996; Miller, 2001). Brain activity changes as mental workload changes. There are four types 
of brain waves which the brain sends out. These different types of brain waves are categorized 
in different bands. The bands are 0-4 Hz (Delta waves), 4-8 Hz (Theta waves), 8-13 Hz 
(Alpha waves) and over 13 Hz (Beta waves) (De Waard, 1996). When mental workload 
increases, then alpha waves are replaced by beta waves. Theta waves also increase as 
workload increases. The different brain waves that the brain produces through activity cause 
electrical activity changes on the surface of the scalp (Teplan, 2002). These changes in 
electrical activity on the surface of the scalp can be measured with the use of electrodes that 
are placed on the scalp. This technique of measuring brain activity through electrodes is called 
Electroencephalography (EEG) (Lew, 2014). Physical movement can disrupt the collection of 
EEG data (Miller, 2001). 
 
Eye Fixation Frequency 
Next, eye movement changes as workload increases and can therefore be studied in 
order to determine the level of experienced workload. Eye movements, such as eye fixation 
and eye blinks change when mental workload changes. Eye fixations are seen as the time a 
driver spends looking at an object (Miller, 2001). The relationship between eye fixations and 
mental workload is not entirely clear to this date (Cain, 2007). Most studies report that 
fixation duration increases and fixation frequency decreases as mental workload increases (De 
Greef, Lafeber, van Oostendorp, & Lindenberg, 2009). This is due to the fact that driver will 
spend more time looking at the cause of the higher workload and less at the overall 
environment (Crundall, Shenton, & Underwood, 2004). Consequently, mirror checking 
behavior is reduced in situations with a high workload. There are however some studies that 
have found contradictory results. Schulz et al. (2011) unexpectedly found that fixation 
duration decreased as mental workload increased. A possible explanation for these findings 
could be that certain environmental factors, such as the allocation of visual information in the 
environment, have influenced the frequency of eye fixations. When visual information 
relevant for the driving task spans over a large area, drivers will have to scan the entire area 
and the number of eye fixations will increase as a result. Contradictory findings, such as the 
one from Schulz et al. (2011) make the relation between eye fixations and mental workload 
difficult to figure out.  
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Eye Blink Frequency 
Lastly, eye blink frequency has been linked to changes in mental workload (De Waard, 
1996; Miller, 2001). It is expected that eye blink frequency will decrease as mental workload 
increases, because drivers will spend more time looking at the objects that cause the high 
workload. This will leave less time to blink. Blink frequency is sensitive to multiple factors 
such as fatigue and humidity, these influences can make it a challenge to determine the effect 
of mental workload on blink frequency changes.       
  
1.3.2. Subjective methods 
Besides the physiological methods described above subjective measurement methods 
such as questionnaires can be used when trying to determine the workload of drivers. This is 
due to the fact that the concept of mental workload is subjective (De Waard, 1996). An 
example of such a questionnaire is the Rating Scale Mental Effort (RSME). This is a 
unidimensional self-report scale. Participants can indicate their level of invested effort on a 
task by putting a cross on a continuous line. The line runs from 0 to 150 millimeter, where 
150 stands for a very high workload and 0 for no experienced workload at all. Another 
example of a mental workload questionnaire is the NASA task load index (NASA-TLX), 
which measures workload with twenty-two bipolar scales (Miller, 2001). The NASA-TLX is 
a multidimensional questionnaire and consists of six dimensions. These dimensions are  
mental demands, physical demands, temporal demands, own performance, effort, and 
frustration. The advantage of using questionnaires is that they are cheap and easy to 
implement.  
 
1.3.3. Performance methods 
Primary Task Performance 
Primary task performance measurement is one of the performance methods to measure 
experienced mental workload (De Waard, 1996). The primary task performance measurement 
looks at how well a driver is able to maintain safe control over the vehicle within the traffic 
environment. It is expected that primary task performance will decrease when mental 
workload increases.   
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Secondary Task Performance 
The secondary task performance is another performance method that can be 
implemented to determine the workload of drivers while driving (De Waard, 1996). This 
method adds a second task to the primary driving task (Miller, 2001). Which of the two task 
performances will be measured to determine mental workload depends on the used paradigm. 
In the loading task paradigm the performance on the primary task is measured, while the 
participant receives instruction to perform as well as possible on the secondary task. In the 
subsidiary task paradigm the participant is instructed to maintain a high performance on the 
primary task, while performance is measured of the secondary task. Performance on the task 
for which drivers are not instructed to maintain high performance is expected to decrease as 
workload on the other task increases. This is due to the fact that the main task asks more 
mental effort to be completed, this means that less mental capacities can be devoted to the 
non-main task.  
 
Steering Behavior 
Lastly, steering behavior can be studied in order to measure mental workload (Verwey 
& Veltman, 1996). Steering behavior can be  measured in multiple ways. One way to measure 
is the steering frequency. With this method the time between successive wheel movements is 
measured A movement is seen as a change from a clockwise movement into a 
counterclockwise movement or the other way around. The speed of change is called the 
rotational velocity and has to exceed 1° of change per second to be considered a movement. 
Steering frequency increases as workload increases. Steering behavior can also be a 
measurement of mental workload when looking at the type of steering movements a driver 
makes. This method looks at the steering behavior of the driver to determine the workload. 
Engström, Johansson & Östlund (2005) found that steering wheel movements become more 
rapid and with bigger angles when workload increases. A downside of this method is that it is 
also sensitive to road curvature (Matthews, et al., 2014). Drivers will steer more on a road 
with a lot of curves for example.  
1.4. Naturalistic Driving research 
Most studies of mental workload and driving have been conducted with simulators or 
driving tasks with added manipulations such as distractions or secondary tasks to artificially 
alter the experienced workload (Wiberg, Nilsson, Lindén, Svanberg, & Poom, 2015). It is 
difficult to study the natural relationship between mental workload and different driving 
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conditions with these types of research methods, because they control the situation too much 
and therefore disrupt natural self-regulation behavior of drivers among other natural 
influences on mental workload while driving. A new way of researching driver behavior, 
called Naturalistic Driving research, has been developed in the past decade (SWOV, 2010). 
The Naturalistic Driving research method aims to find the relationship between driving 
performance and road, driver and traffic conditions by looking at real life driving situations. 
This approach allows to see what drivers are doing before (near)crashes, for example. 
Naturalistic Driving research could be very useful for expanding the knowledge on the natural 
relationship between different driving conditions and mental workload, because the goal of 
this method is to observe everyday driving behavior of road users without interfering in the 
situation. The absence of interference in the situation by this method allows for the 
investigation of the influence of self-regulatory behavior on mental workload, among other 
natural influences on mental workload in everyday driving situations. 
 Measuring methods need to be completely unobtrusive for drivers in order to be 
considered non-intrusive enough for Naturalistic Driving research (SWOV, 2010). Therefore 
only limited information that enables research on metal workload is available in Naturalistic 
Driving data. All of the measuring methods that require some sort of device to be worn on the 
body are too intrusive for this method, with the current state of technology. This is the case 
for most of the physiological measuring methods, except eye-fixation frequency and blink 
frequency. These methods can be implemented with the use of remote cameras. All of the 
measuring methods that require extra effort from the driver are also not usable in Naturalistic 
Driving Research, because they are also too intrusive. This is the case for secondary task 
measures and all the subjective methods. Primary task measures and steering behavior on the 
other hand can both be used in Naturalistic Driving research, because they can be measured 
remotely and without any experienced intrusion by the driver. Table 2 shows an overview of 
available mental workload measuring methods and whether or not they meet the criteria for 
non-intrusiveness according to Naturalistic Driving Research standards.  
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Table 2. 
Existing mental workload measuring methods and their level of intrusiveness 
Intrusive    Non-intrusive 
Heart Rate Eye Fixation Frequency 
Heart Rate Variability Eye Blink Frequency 
Respiration Rate Primary Task Performance 
Skin Conductance Response Steering Behavior 
Brain Activity  
Subjective Methods  
Secondary Task Performance  
 
It is not clear how  the non-intrusive methods  meet the aforementioned criteria for 
mental workload measurement methods when the data is collected with the use of Naturalistic 
Driving Data collection. This is due to the earlier mentioned fact that mental workload has 
mostly been studied in controlled situations.  
1.5. Aim of this study 
This study aims to find out how well the non-intrusive mental workload measurements 
determine the level of experienced mental workload when used in Naturalistic Driving 
situations. In order to determine the capability of the non-intrusive mental workload 
measurements, they will be compared to a number of intrusive mental workload measuring 
methods. The intrusive measuring methods that will be compared with the non-intrusive 
measurements in this study are heart rate, heart rate variability (HRV), respiratory rate, skin 
conductance response and brain activity measurements with the EEG. These measurement 
methods have been chosen, because they are all sensitive to mental workload changes, 
continuous throughout the driving task and not too intrusive so that they are applicable in a 
driving situation (De Waard, 1996). Questionnaires such as the RSME and the NASA-TLX 
will be not used in the this study, because questionnaires are not continuous measurements 
methods. When implementing the questionnaire after completion of the task the results are 
sensitive to memory bias of the participants (Miller, 2001). A temporary interruption of the 
driving task would eliminate the possible memory bias, because participants would be able to 
fill out the questionnaire directly after the task. However, the interruption of the task itself 
would disturb the other mental workload measurements. The secondary task measure method 
will also not be used in this study, because adding a second task would increase workload for 
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drivers (De Waard, 1996; Miller, 2001). This increase in workload caused by the addition of 
the second task measure would disturb the other direct and proxy measurements. 
The results of the intrusive measurement methods will be compared to the following 
non-intrusive measurements; standard deviation of the steering angle, and blink frequency. 
These non-intrusive measurements have been chosen because the data needed for these 
measurements can be collected remote and therefore without any obtrusiveness for the driver. 
This means that these non-intrusive measurement methods can also be used in Naturalistic 
Driving research, if they turn out to be a good indicator of mental workload. 
Eye fixation frequency will not be tested in this study, due to the unclarity about the 
precise relationship between fixation frequency and mental workload changes. Primary task 
performance will also not be used in this study, because this method alone is not a good 
method to determine mental workload, it needs to be combined with other methods in order to 
be reliable (De Waard, 1996). Another downside of this method is the subjective nature of the 
method (Miller, 2001). Determining when someone is maintaining safe control over the car 
and to what degree is difficult to measure objectively in real life driving situations.  
The main question that will be answered with this study is; are steering wheel 
movements and eye blink frequency valid measurement methods to measure mental workload 
in Naturalistic Driving Research? This study will investigate if the intrusive mental workload 
measuring methods are able to differentiate between traffic situations that cause a high mental 
workload and traffic situations that cause a low mental workload. Next to the intrusive mental 
workload measuring methods, the non-intrusive measuring methods will also be tested on 
their ability to differentiate between high and low mental workload situations. It is 
hypothesized that both the intrusive mental workload measuring methods and the non-
intrusive measuring methods are able to differentiate between traffic situations of high and 
low mental workload. Additionally to investigating every method separately, the relation 
between the different methods will also be studied.  It is hypothesized  that the different 
measurement methods all measure mental workload and therefore will be related.  
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2. Method 
2.1. Participants 
The participants have been recruited with the use of a database with previous 
participants from SWOV and the use of a recruitment text on the intranet of multiple 
organizations in the area of The Hague. The study sample of 18 participants consisted of 12 
men and 6 women, who were all in possession of a driver’s license. The ages of the 
participants ranged from 29 to 55 years and the mean age was 44,39 years (SD = 8,63).  All 
the participants had at least 6 years of driving experience and the mean years of driving 
experience was 23,61 years (SD = 9,02). Lastly, the participants drove at least 4 hours a week. 
The mean number of driving hours a week was 10,72 hours (SD = 5,06).   
2.2. Materials  
2.2.1 Data acquisition system 
The car that was used during this study was a Lancia Ypsilon. The car  was 
instrumented with three cameras. The cameras were placed in such a manner that they did not 
obstruct the view of the participant. One camera was pointed toward the front window and 
filmed the road ahead. A second camera filmed the complete participant. The last camera only 
filmed the face of the participant. The cameras were color cameras with a capture rate of 12.5 
frames per second. The cameras were connected to the data acquisition system (DAS). The 
DAS stored the images that were captured by the three cameras. The DAS was automatically 
switched on when the door of the driver is opened and closed. The DAS automatically 
switched off when the car did not move for more than 10 minutes and no elements, such as a 
pedal, had been activated during those 10 minutes.       
 
2.2.2. Heart rate sensor 
The heart rate of the participants while driving was measured with a heart rate meter 
called “Pulse Sensor” (World Famous Electronics llc, n.d.).The Pulse Sensor is a small and 
round sensor, which is attached to the earlobe with the use of an ear-clip. This device is able 
to measure every heartbeat separate and the time interval between heartbeats. The Pulse 
Sensor was attached to the right earlobe of the participants. An example of a participant 
wearing the Pulse Sensor can be seen in figure 2. 
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Figure 2. A participant wearing the Pulse Sensor 
 
2.2.3. Respiratory rate meter 
The respiratory rate of participants was measured with an elastic band that was worn 
around the chest of the participants. This device counts the number of chest expansions of the 
participants. Due to the expansion of the chest caused by breathing, the elastic band conducts 
electricity less well. This change in conductivity can be counted and used to determine the 
number of breaths a participant takes while driving. Due to technical problems the respiration 
meter was not able to measure the amount of breaths and could therefore not be used for data 
analysis. 
 
2.2.4. Skin conductance response sensor 
The changes in skin conductance response of the participants during the driving task 
was be measured with the use of the Grove GSR Sensor (Seeedstudio, 2015). The Grove GSR 
Sensor consists of two electrodes that are worn on the middle and ring finger of the 
participants. The Grove GSR Sensor measures the resistance level of the skin, when the sweat 
glands become more active the resistance level of the skin will decrease. The device was worn 
on the left hand of the participants. This way the Grove GSR Sensor did not interfere when 
participants shifted gear during the driving task. Figure 3 shows a participant wearing the 
Grove GSR sensor.  
20 
 
 
Figure 3. A participant wearing the Grove GSR Sensor.  
 
2.2.5. EEG meter 
The brain activity of the participants was measured with the use of an Electro 
Encephalogram (EEG) called the Neurosky Mindwave. The Mindwave is a non-invasive 
device which can measure the level of Delta, Theta, Beta and Gamma brainwaves in 
participants (Crowley, Sliney, Pitt, & Murphy, 2010). The Mindwave calculates the level the 
level of conscious attention a person invests at a certain moment based on the measured 
brainwaves. The algorithm that the Mindwave uses to calculate the level of conscious 
attention is proprietary of the company that created the Mindwave, which is NeuroSky and 
therefore not made public.   
The Mindwave has two dry sensors, one placed on the middle of the forehead and one 
on the left earlobe. The adjustable headband of the Mindwave makes the device wearable for 
every participant. The use of the Mindwave has been chosen over the use of a traditional 
multi-sensor EEG device, because the traditional EEG measuring methods are more intrusive 
for participants. Multiple sensors need to be attached to the head and other parts of the body, 
such as the finger and chest (Johnstone, Blackman, & Bruggemann, 2012). This method does 
not allow for a lot of movement, due to the many wires that are attached to the device. The 
movement constraints can make its use in a real life driving task difficult. The Mindwave is 
wireless and allows for enough movement to perform the driving task. The device is also 
smaller and less intrusive for participants, compared to the traditional EEG devices. The 
validity and effectiveness of the Mindwave has been tested and the results seem to indicate 
that the Mindwave is able to detect when people invest more conscious attention to execute a 
task (Crowley et al., 2010; Johnstone, et al., 2012). 
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2.2.4. Eye-tracker 
The participants also wore a head mounted eye-tracker, called the Pupil Pro (Pupil 
Labs, 2015). The Pupil Pro has two cameras. One camera was pointed at the right eye of the 
participant. This camera can track the pupil of the participant and record where the participant 
is looking. The second camera was placed just above the right eye of the participant and 
filmed the front view of the participant. The data collected with the Pupil Pro was not meant 
for this study. However, some of the eye-tracker data has been used in this study. This was 
done for three of the drives where the DAS camera’s failed to work. In these cases the eye-
tracker video streams were used to code eye blinks and identify high and low workload 
situations. Figure 4 shows a participant wearing both the Pupil Pro eye-tracker and the 
Mindwave EEG meter.  
 
Figure 4. A participant wearing the Mindwave and Pupil Pro eye-tracker 
 
2.2.5. Steering movement sensor 
The steering behavior of participants was  measured with a 6 Axis Inertial 
measurement unit Gyro with accelerometer sensor (MPU-6050, n.d.). This device was placed 
on the front of the steering wheel. The Axis Gyro is able to detect the number of changes in 
steering wheel position and the speed of change of the steering wheel position.   
2.3. Procedure 
Participants came to the location of the SWOV office in The Hague and signed an informed 
consent form which explained the goal and procedure of the study. The informed consent 
form also explained that they could withdraw from participation at any moment if they wished 
to do so. Next, participants filled out a questionnaire which queried general information such 
as age, years of driving experience and number of  hours the participant drives each week. 
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The participant started wearing the eye-tracker, after filling out the questionnaire. Then the 
participants walked to the car with the experimenter. The car was parked in front of the 
SWOV office. While inside the car the participants would put on the remaining wearable 
measuring devices, with the help of the experimenter. The remaining devices were; the heart 
rate measuring ear-clip, the elastic chest band to measure the respiratory rate, the two 
electrodes on the fingers to measure skin conductance response and the Mindwave. The 
participants received instructions about the functioning of the car and got the opportunity to 
practice with the car on the parking lot of SWOV, before starting the driving route. The 
participants were asked not to speak while driving the route, as to not disturb the respiration 
measuring device. The experimenter indicated the route the participants had to drive. The 
participants were allowed to ask for clarifications if the instructions were unclear.   
The driving route started at the SWOV office, went through the city centre of Leiden 
and ended back at the SWOV office. The route included parts where a low workload was 
expected, such as a straight highway. The route also included urban traffic situations in which 
a high mental workload was expected. The high mental workload situations were located in 
the city centre of Leiden. Figure 5 shows the driving route. The participants returned to the 
office of SWOV after completing the driving task. There they were debriefed about the details 
of the study.  
 
Figure 5. The experimental driving route. 
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2.4. Data analysis 
 2.4.1. Determining segments of high and low workload 
Different moments from all the drives have been selected based on the level of 
workload these moments caused. A list of criteria was created to decide if the selected 
moments in theory would cause high or low mental workload.  These segments where then 
used to test if the different mental workload measuring methods were able to distinguish 
between high and low workload situations. The list of criteria was based on the findings of 
multiple studies, which looked at aspects of the driving situation that can cause a higher or 
lower mental workload (Dijksterhuis, Brookhuis & De Waard, 2011; Rosey, Auberlet, Moisan 
& Dupré, 2009; Teh, Jamson, Carsten, & Jamson, 2014). An example of a situation that in 
general increases mental workload is the presence of parked cars on the side of the road 
(Edquist, Rudin-Brown & Lenné, 2012). The reasoning behind this finding is that parked cars 
on the side of the road obstruct the view of the driver. The driver can therefore not see in 
advance if other road users are present behind the cars and needs to continuously be alert for 
possible road users that can suddenly appear. The list of criteria also includes some self-
selected criteria, such as the absence of driving instructions in the low mental workload 
segments. The complete list of used criteria to determine segments of high and low mental 
workload can be found in table 3. 
 
Table 3.  
Criteria for mental workload segment selection 
Criteria for high mental workload segment Criteria for low mental workload segment 
1. Situation has to take place on an urban road  1. Situation has to take place on a highway 
2. No physical barriers between subject vehicle 
and oncoming traffic. 
2. Oncomming traffic is separated with 
physical barrier. 
3. There are buildings present directly next to 
the road 
3. There are no buildings present directly 
next to the road 
4. Multiple types of road users are present (such 
as a pedestrian or a cyclist) 
4. There must be no merging traffic present  
5. Pedestrian crossings are present 5. The participants do not perform lane 
changes or other difficult maneuvers during 
the segments 
6. Presence of roundabouts or intersections 6.No driving instructions are given by the 
experimenter during this segment.  
7. The driving speed needs to change multiple 
times 
7. The driving speed needs to remain 
constant for the duration of the segment 
8. Parked cars are present on the side of the 
road.  
8. The participants do not need to read road 
signs for navigation during the segment 
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In order for a traffic situation to be considered for either a high or low workload 
segment, it had to meet at least 5 out of the 8 criteria and criteria 1 had to be one of them. 124 
segments of high workload have been selected from the 18 drives, M = 6,89 segments per 
participant (SD = 2,27). The average duration of the high mental workload segments per 
participant ranged from 27,81 to 54,56 seconds, M = 38,39 seconds (SD = 7,22). 108 
segments of  low workload have been selected from the 18 drives, M = 6,00 segments per 
participant (SD = 1,75). The average duration of the low mental workload segments per 
participant ranged from 22,32 to 55,54 seconds, M = 42,99 seconds (SD = 9,45). 
 
2.4.2. Annotation of eye blinks and determining eye blink frequency 
The number of eye blinks during each high and low workload segment were coded 
using the video images of the DAS.  An eye movement was coded as a complete blink when 
both eyes were closed during at least one frame of film (Klenø & Wolkoff, 2004). Partial 
blinks were also counted during the selected segments. A partial blink was coded when the 
eyes were at least half closed during the duration of at least one frame of film. For this study, 
only the number of complete blinks during each segment were used in the analysis. The 
number of complete blinks per segment was divided by the duration of that segment to get 
blink frequency per second for each segment.  
 
2.4.3. Determining Heart Rate Variability 
The Pulse Sensor heart rate meter is able to measure every heartbeat separate and the 
time interval between each heartbeat. The Pulse Sensor can therefore be used to determine the 
heart rate variability. In order to determine the heart rate variability during each selected 
segment of high and low workload, the Root Mean Square of Successive Differences 
(RMSSD) between heartbeats was calculated. The RMSSD is able to reliably determine the 
heart rate variability, even when the measuring period is no longer than around 30 seconds 
(Nussinovitch et al., 2012). The RMSSD calculates the time difference between all successive 
heartbeats that occur during the selected segments (Von Borell, 2007). These differences are 
then squared and added. This number is then divided by the total number of differences that 
have been squared. Lastly, the square root is taken from the outcome of the previous step.  
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2.4.4. Analyzing skin conductance and brain activity 
The skin conductance level differed a lot between participants. The data was therefore 
normalized for each participant. This way the skin conductance data could be compared 
between participants. 
 The Mindwave calculated the level the level of conscious attention a person invests at 
a certain moment based on the measured brainwaves with an unknown algorithm. The 
calculated level of conscious attention had a value between 0 and 100. The value was used as 
the measure of brain activity level. 
  In order to determine the skin conductance level and the amount of brain activity of 
the participants during the selected segments, the average value of both skin conductance and 
brain waves was calculated for each segment. These average values per segment where then 
averaged again per participant and per mental workload condition. This way one  overall skin 
conductance and brain activity level was calculated for each participant in both the high and 
the low mental workload condition. 
 
2.4.5. Analyzing changes in steering wheel angle 
The steering wheel sensor collected data about the  angular velocity of the steering wheel 
allowing calculations of the approximate steering wheel angle. The data collected by this 
sensor needed extensive filtering however(due to sensor drift, offsets and noise) that could not 
be performed within the timeframe of the current study. It was therefore decided not to 
analyze the steering wheel angle data any further for this study.   
 
 2.4.6. Statistical analyses 
18 participants have been tested in total, as mentioned earlier. Due to multiple 
technical difficulties, some of the data is missing or could not be analyzed. This has caused 
the sample size of all methods to be lower than 18 in the data analysis.  The sample size for 
each method is shown in table 4. 
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Table 4. 
Sample size of each method 
Method  Number of participants with usable data 
Heart rate 9 
Heart rate variability 9 
Skin conductance response 12 
Brain activity 14 
Blink frequency 17 
 
In order to test the ability of the intrusive and the nonintrusive methods to differentiate  
between traffic situations of low and high workload, paired samples t-tests were performed. 
The data was inspected for outliers with the use of a boxplot and none were found. The 
normality of the data was tested with the Shapiro-Wilk test and all variables had a normal 
distribution.  
The relation between the different measurement methods was tested with a Pearson 
correlation. The difference between the high and low mental workload condition was first 
calculated for each participant. The difference scores were used, in order to control for the 
individual differences in baseline scores. These difference scores where then analyzed with 
the use of the Pearson correlation.   
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3. Results 
3.1. Paired samples t-test  
The paired samples t-test was performed on each measuring method and compared the 
high mental workload condition with the low mental workload condition. The test was found 
to be statistically significant for two of the five measuring methods. Additionally to the paired 
samples t-test, the effect size of the differences between the high and low workload condition 
within each method was calculated. The Cohen’s d method was used to calculate the effect 
size. An effect size of .2 was considered as small, .5 as moderate and .8 as large.  
The heart rate, measured in beats per minute, differed significantly between the high  
and low mental  workload condition, t (8) = 2,80, p < .05. The heart rate was higher in the 
high mental workload condition, compared to the low mental workload condition. The effect 
size of the difference was small to moderate, d = .362. The HRV did not significantly differ 
between the high and the low mental workload condition, t (8) = -.98 , p = .355. The effect 
size of the difference was small d = .178. The skin conductance response did also not 
significantly differ between the high and the low mental workload condition,  t (11) = -2.07 , 
p =.063. The effect size of the difference was moderate, d = .484. The brain activity level did 
not differ between the high and low mental workload condition , t (13) = 1.30 , p = .218. The 
effect size of the difference was small, d = .149. Lastly, the blink frequency did significantly 
differ between the high and low mental workload condition, , t (16) = -4.19, p < .01. 
Participants had a lower blink frequency in the high workload condition. The effect size of the 
difference was large, d = .789.  The differences between the high and low mental workload 
condition for each participant are graphically shown in figure 6 through 10.  
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Figure 6.  Normalized mean level of skin conductance response per participant. The error bars represent the 
standard deviation of the separate segments to the normalized mean skin conductance level. 
 
 
 
 
Figure 7. Mean level of heart rate in beats per minute per participant. The error bars represent the standard 
deviation of the separate segments to the mean heart rate. 
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Figure 8. Mean level of heart rate variability per participant. The error bars represent the standard deviation of 
the separate segments to the mean heart rate variability. 
 
 
 
 
Figure 9. Mean conscious attention level per participant, which was used as the brain activity level. The error 
bars represent the standard deviation of the separate segments to the mean brain activity level. 
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Figure 10. Mean level of blink frequency (blinks per second) per participant. The error bars represent the 
standard deviation of the separate segments to the mean blink frequency. 
3.2. Pearson’s correlation 
 The Pearson’s correlation was calculated to test the link between the heart rate, skin 
conductance response and the blink frequency. Heart rate variability and brain activity were 
not included in this part of the analysis, because these two methods showed no significant 
difference between the high and the low mental workload condition and the effect size of the 
differences was small to moderate, as shown in the first section of the results. Skin 
conductance response did also not show a significant difference and was included in this part 
of the analysis. This is due to the fact that the difference was almost significant and the effect 
size of the difference was moderate. Heart rate and blink frequency were highly correlated, 
r(8) = -.742,  p < .05.  There was no correlation between heart rate and skin conductance 
response r(8) = - .189, p = .653. Skin conductance response and blink frequency did also not 
correlate, r(12) = .034, p = 917.  
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4. Discussion 
4.1. Goal of this study 
The goal of this study was to investigate how well the different intrusive and non-
intrusive measurement methods were able to detect changes in mental workload in real life 
traffic situations. This knowledge contributes to the development of a mental workload proxy 
indicator that could be applied to Naturalistic Driving data. 
The results show that only the heart rate and blink frequency were able to distinguish 
high and the low mental workload conditions. The skin conductance response method was not 
able to distinguish high and low mental workload traffic situations, which could mean that the 
skin conductance response method is not sensitive to changes in mental workload caused 
solely by aspects of the driving task. It could also mean that this method is too disrupted by 
other influences that are also present in a driving situation, such as changing temperature and 
movement. An alternative explanation could be that this result is caused by the small sample 
size of this study. The size of the difference between the high and the low mental workload 
condition was moderate for the skin conductance response method. It could be possible that 
the skin conductance response method is able to differentiate between the high and the low 
mental workload condition, when tested with a larger sample. It should be noted that the heart 
rate, blink frequency and skin conductance response method do not seem to be effective for 
every participant in differentiating between the high and low mental workload condition. In 
some cases the methods did not differentiate at all or showed the opposite effect. The methods 
seem  not universally sensitive to mental workload changes in driving situations in all drivers.  
The heart rate variability and brain activity method did not differ between the high and 
low mental workload condition. These two methods gave no indication that they would be 
able to differentiate if the sample size were larger. The differences between the high and low 
mental workload conditions were small for both methods and the direction of the differences 
was not consistent between different participants. This could mean that heart rate variability 
and brain activity, when measured with the Mindwave, are not sensitive enough to mental 
workload changes caused by only the driving task and that the changes in mental workload 
level need to be larger for these methods to detect them.  It could also mean that these 
methods are not selective enough and are too sensitive for other influences that are present in 
a driving situation.   
In short, heart rate and blink frequency are sensitive to changes in mental workload 
level while driving and skin conductance response gave an indication  that it could be 
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sensitive when tested with more participants. Heart rate variability and brain activity on the 
other hand do not seem to be sensitive for mental workload changes in real life driving 
situations.  
4.2. Relation between different measurement methods 
Next to the investigation of every method separately, the relation between the different 
methods has also been  researched in this study. The results show that the heart rate method 
and blink frequency method are strongly related. When the heart rate method indicates a large 
difference between the high and low mental workload condition, so does the blink frequency 
method. This result indicates that both heart rate and blink frequency measure the same 
construct, but it this study cannot determine with full certainty that this construct is mental 
workload. The two methods could also have measured arousal or stress level. Athough it is 
highly likely that these methods have measured mental workload based on earlier studies and 
the conducted literature study.  
The skin conductance response method showed no relation to both the heart rate and 
the blink frequency method. This could be due to the small sample size, that also might have  
caused the skin conductance response method to not being able to differentiate between the 
high and the low mental workload condition. Alternatively, the lack of relation between the 
skin conductance response and the two other methods could also mean that the skin 
conductance response method measures a different aspect of mental workload than the heart 
rate and blink frequency method. 
4.3. Limitations and future research 
 The main limitation of this study is the small sample size. 18 participants have been 
tested in total. Due to multiple technical difficulties the sample size decreased for each 
method. Technical difficulties varied from trips that were not recorded by failures of the Data 
Acquisition System, broken sensors that had to be replaced and unacceptable noise levels in 
data from some sensors. Especially heart rate measurements with the sensor attached to the 
earlobe proved to be cumbersome. The heart rate sensor was very sensitive to noise and 
caused a portion of the data to be unreadable. In future studies a more robust heart rate  
measurement method should be applied. The skin conductance response sensor worked well, 
but the sensor was a bit fragile. A certain movement from a participant caused it to break and 
this led to missing data until the broken sensor was replaced. The small sample size may have 
caused the skin conductance response method to be unsuccessful in differentiating between 
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the high and the low mental workload condition. The respiratory rate meter was too fragile 
and replacement did not allow for data collection. The steering wheel angle sensor had an 
offset and was sensitive to noise. This caused the steering wheel angle data to need a lot of 
filtering, before it could be used. This need for filtering caused the data to be unusable for this 
study, due to time constraints. 
The data collection of the conscious attention level done by the Mindwave, which was 
used as a measure of brain activity level, went well. However, the interpretation of the 
collected data proved to be complex. This is due to the fact that the algorithm used by the 
Mindwave to calculate the conscious attention  level is proprietarily owned and has not been 
made public. It can therefore not be concluded if the lack of effect of the Mindwave in this 
study is due to the fact that conscious attention level is not a good measure of brain activity 
level or because brain activity level in general is not sensitive enough to detect changes in 
mental workload in a driving situation or due to the Mindwave and its algorithm not being a 
valid way to measure conscious attention level in a driving situation. 
The coding of the blinks was done manually in this study. Each segment was inspected 
frame by frame, which was a time consuming process and could have made it susceptible to 
interpretation errors. In order for blink frequency to be measured nonintrusively and on a 
large scale, a reliable program is needed that can code blinks from remote camera images.  
No participant reported that wearing the measurement instruments hindered them in 
their driving, although some participants reported some discomfort in wearing the eye-tracker 
for a longer period of time. This means that the used instruments are nonintrusive enough to 
be used for research conducted in driving situations. 
 The roads the participants drove in this study was fixed and the same for each 
participant. This mean that only a very limited number of traffic situations have been 
investigated. Lastly, this study only looked at situations of clearly high or low mental 
workload levels. Moderate levels of mental workload have not been investigated. It is 
recommended for future research to look at how sensitive the different methods are in a wide 
range of traffic situations and mental workload levels.  
4.4. Concluding remarks 
Despite the limitations of this study, some interesting and encouraging indications 
about the value of the different mental workload measurement methods in real life driving 
situation have been found. Heart rate and blink frequency are sensitive to different levels of 
mental workload in real life traffic situations. Blink frequency can be measured nonintrusively 
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with the use of remote cameras and could therefore very valuable for mental workload 
research in Naturalistic Driving studies measuring method for mental workload. Heart rate 
was regarded as an intrusive measuring method in this study, due to the current state of 
technology. There are however technological developments in heart rate measuring 
techniques that could allow heart rate to be measured nonintrusively in the near-future. The 
development of heart rate sensors that can be placed on the steering wheel is one example of 
such technical developments (Gómez-Clapers & Casanella, 2012). These kinds of 
developments could turn the now intrusive heart rate method into a usable method for 
Naturalistic Driving research in the future. 
The usage of blink frequency and possibly heart rate in Naturalistic Driving research 
could expand the knowledge of influences on mental workload while driving and possibly 
lead to new insights. These insights could contribute to new regulations that improve traffic 
safety. Blink frequency and heart rate need to be studied more as a measure of mental 
workload while driving, to get a clearer view of their value in Naturalistic Driving research. 
The results from this study suggest value in exploring these methods more.  
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